Focused ultrasound Tyrosine kinase inhibitors Blood-brain barrier Positron Emission Tomography Brain tumor Membrane transporter P-glycoprotein Breast Cancer Resistance Protein A B S T R A C T Overcoming the efflux mediated by ATP-binding cassette (ABC) transporters at the blood-brain barrier (BBB) remains a challenge for the delivery of small molecule tyrosine kinase inhibitors (TKIs) such as erlotinib to the brain. Inhibition of ABCB1 and ABCG2 at the mouse BBB improved the BBB permeation of erlotinib but could not be achieved in humans. BBB disruption induced by focused ultrasound (FUS) was investigated as a strategy to overcome the efflux transport of erlotinib in vivo.
take a transcellular route [6] . Passive diffusion across endothelial cell membrane is therefore assumed to be the main transport mechanism for drugs to reach the brain parenchyma [4] . The "functional barrier" component of the BBB mainly relies on the activity of membrane transporters expressed at the membranes of endothelial cells, that selectively regulate the transcellular traffic [7] . The expression and function of efflux transporters of the ATP-binding cassette (ABC) superfamily are recognized as major limitations for the brain distribution of many structurally unrelated compounds, including many anticancer agents [2] . The main ABC-transporters at the BBB are the P-glycoprotein (ABCB1) and the Breast Cancer Resistance Protein (ABCG2) [8] .
Despite dramatic advances in understanding the molecular basis of carcinogenesis, the development of targeted cancer therapy against CNS malignancies is hampered by the low brain permeation of most tyrosine kinase inhibitors (TKIs) [9] . Efflux transport by ABCB1 and ABCG2 was shown to be a major determinant of the brain distribution of most TKIs [2, 10] . A wealth of preclinical research has addressed the synergistic impact of ABCB1 and ABCG2 in limiting the BBB crossing of the epidermal growth factor receptor (EGFR)-targeting agent erlotinib [11, 12] and subsequent exposure to the brain and tumor tissue [13] . Inadequate brain exposure to erlotinib is assumed to account for the high rate of metastatic progression within the CNS during or after systemic benefit in patients who have non-small cell lung cancer with activating mutation of the EGFR gene [14] . Overexpression of EGFR is also frequently found in glioblastoma where erlotinib has been relatively ineffective [15] . Therefore, improving the delivery of small TKI molecules such as erlotinib to the tumor and brain regions surrounding the tumor is often proposed as a putative strategy to limit the progression of CNS lesions through molecularly targeted therapy [16, 17] .
Focused ultrasound (FUS)-based strategies have been proposed to locally and temporally enhance the delivery of various kinds of anticancer drugs into brain tissues [18] . In vitro studies have shown that FUS combined with microbubbles may improve the BBB permeation of compounds by the widening of interendothelial clefts and opening of tight-junctions, thus enabling a paracellular flux between adjacent endothelial monolayer [18] [19] [20] [21] . Moreover, FUS may also promote the transendothelial transport: FUS-induced transcytosis and transendothelial openings have been reported, which may account for the net flux of compounds across the BBB [21, 22] . Recent clinical translation has shown the feasibility of such techniques in patients with CNS malignancies [23] . So far, ABC transporter function is assumed to be a regulator of the transcellular diffusion of solutes across the "intact" BBB, thus hypothesizing that efflux transporters only work against the transcellular diffusion flux [6] . This suggests that compounds have to be constrained to cross the lipid bilayer to be effluxed by ABC-transporters. ABCB1 was consistently shown to efflux drugs directly from the membrane, rather than the aqueous phase [24] . According to this assumption, FUS-induced BBB disruption, with an opened paracellular route, may be sufficient to overwhelm and overcome the ABCB1/ ABCG2-mediated efflux of erlotinib at the BBB, thus providing an alternative strategy to locally improve erlotinib delivery to the brain [25] . Moreover, many aspects of ABCB1 structure and function were shown sensitive to the properties of the surrounding membrane [24] . It can be hypothesized that ABC-transporter function may be modulated by BBB integrity. Recent studies have reported an impact of FUS-induced BBB disruption on the rat microvascular transcriptome [26] and a delayed decrease in ABCB1 expression in the sonicated area, 24 to 48 h after FUS [27, 28] . This suggests that erlotinib, which brain distribution is mainly governed by ABC-transporter mediated efflux at the BBB, may benefit from the immediate and/or delayed impact of FUSinduced BBB disruption as a strategy to locally improve its brain delivery.
Positron emission tomography (PET) imaging using radiolabeled substrates of ABC-transporters is a powerful method to study efflux transporter function at the BBB in vivo [29] . Several ABCB1-specific probes, including 11 C-N-demethyl-loperamide, have been developed to unveil and quantify the importance of this ABC-transporter in restricting the brain delivery of substrates [30] .
11
C-erlotinib PET imaging has been used to confirm the synergistic role of ABCB1 and ABCG2 in controlling the brain kinetics of erlotinib in vivo [31] , and to evaluate strategies to improve the brain exposure to this TKI in a translational research perspective [32, 33] . Once the carrier-mediated efflux of erlotinib and 11 C-N-demethyl-loperamide is abolished, these compounds are able to cross the BBB, which contrasts with their extremely low baseline brain uptake [30, 31] . This study aimed at elucidating the connection between the "physical" BBB and its "functional" efflux transport component in vivo. For the first time, we investigated FUS-induced BBB disruption as a mean to overcome efflux transporter function at the rat BBB. To that end, the neuropharmacokinetic consequences of FUS-induced BBB disruption and ABC-transporter inhibition or their combination were compared in vivo using 11 C-erlotinib PET imaging. The impact of BBB disruption on ABCB1 function was specifically assessed using 11 C-N-desmethyl-loperamide PET imaging.
Material and methods

Animals
Adult male Rattus norvegicus Wistar rats (Janvier, France) were used for the study. Animals were housed and acclimatized for at least one week before experiment. Rats had free access to chow and water. All animal use procedures were in accordance with the recommendations of the European Community (86/809/CEE) and the French National Committees (law 87/848) for the care and use of laboratory animals. The experimental protocol was approved by a local ethics committee for animal use (APAFIS#7466-20 1611 04 1 7049220 v2).
All experiments were performed under isoflurane anesthesia. Anesthesia was induced and thereafter maintained using 3% and 1.5-2.5% isoflurane in O 2 , respectively. Then, a catheter was inserted in the caudal lateral vein for the i.v administration of investigational compounds.
Chemicals and radiochemicals
Elacridar hydrochloride and 6-O-desmethyl erlotinib (OSI-420) were purchased from Syncom BV (The Netherlands). Elacridar for i.v injection (10 mg.mL −1 ) was formulated using a co-solvent strategy resulting in a final tetrahydrofuran concentration of 4% (v/v) in sterile aqueous D-glucose solution at 2.5% (w/v) [34] . Tariquidar was purchased from Eras Labo (France). Tariquidar for i.v. injection (4.4 mg.mL −1 ) was prepared by dissolving tariquidar dimesylate 2.35 H 2 O (~6 mg) in a 5% (w:v) glucose solution (0.5 mL) followed by dilution with sterile water (0.5 mL) [35] . Evans Blue (EB) was obtained from Sigma-Aldrich, France. Four grams of EB were dissolved in 10 mL sterile aqueous NaCl 0.9% (w/v). All solutions were extemporaneously prepared the day of animal experiments.
11
C-Erlotinib was synthesized by 11 C-methylation of OSI-420 following a previously described procedure [36] . 11 C-N-desmethyl-loperamide was synthetized as previously reported [37] . Purification of 11 Cerlotinib and 11 C-N-desmethyl-loperamide was ultimately performed using solid phase extraction with ethanol as an eluent so that radiotracer solution for intravenous (i.v.) injection into animals contained 10% ethanol (v/v) in 0.9% aqueous saline. Radiotracer concentration was~50 MBq/mL, radiochemical purity was > 98% and specific activity was 140-300 GBq/μmol and 100-200 GBq/μmol at the end of synthesis for 11 C-erlotinib and controlled 'line' shaped BBB disruption in rats in one brain hemisphere. We selected transcranial FUS conditions based on our previous work, allowing for a spatially controlled BBB disruption which lasts several hours after sonication [38] [39] [40] . This transducer was fed by a programmable sinusoidal wave generator connected to a 10 W single channel radiofrequency linear amplifier (Image Guided Therapy, France).
Rats were installed in prone position on a dedicated bed into a stereotactic frame. The transducer holder was fixed on a rail allowing reproducible head-foot displacement over a line scanning the head of the animals in order to specifically sonicate the left hemisphere. The transducer was coupled to the shaved head of the animals with a latex balloon filled with deionized and degassed water. Acoustic gel was applied to the skin in order to ensure efficient coupling with the balloon. A 200 μL i.v bolus of commercially available microbubbles (Sonovue®, Bracco, Italy) was injected. Ultrasound sonication started immediately after microbubbles injection, with continuous waves set at an estimated peak negative acoustic pressure of 0.6 MPa in situ at focus. Animal weight was accounted for in this estimation since it may impact acoustic transmission through the skull [38] . A calibration of the ultrasound beam through skulls, from rats with different body weight, was previously done in water tank. The transducer, continuously shooting the ultrasound wave, was repeatedly moved back and forth above the left hemisphere with 2 s repetition cycles. Under sonication, lifetime of microbubbles in the bloodstream is shorter than 5 min [41] . Rats were therefore sonicated 5 min to take maximum advantage of the presence of microbubble in the circulation. A similar protocol was already validated in rats in our previous work [39] (Fig. 1). 
Inhibition of ABC-transporter function at the BBB
Pharmacological inhibition of ABCB1 and ABCG2 was obtained using an i.v. dose of elacridar (10 mg/kg; ELA) [31] . Elacridar was injected 2 min after FUS (see below) and 8 min before PET imaging to allow for maximal ABCB1/ABCG2 inhibition during 11 C-erlotinib PET acquisition. ABCB1-specific inhibition was achieved using tariquidar to display the impact of decreased ABCB1 function on the brain kinetics of 11 C-N-desmethyl-loperamide [42] . Tariquidar (8 mg/kg) was administered i.v 15 min before PET as previously described [35] .
Checking BBB integrity using EB extravasation test
All animals included in the study underwent an EB extravasation test to track any BBB disruption that may have occurred during experiments. To that end, animals were i.v. injected with 2 mL/kg of the 4% EB solution. For animals that received FUS induced BBB disruption, EB was injected 1 min after ultrasound exposure. At the end of experiments, animals were decapitated and the brain was removed from the skull. BBB integrity was determined visually by three independent assayers on the intact freshly excised brain and then on~5 mm thick coronal gross pathology slices. Although qualitative, this method is very specific and has been widely used. Indeed, no EB extravasation is detected in the brain except where ultrasound was shot (Fig. 1 ).
MRI-based evaluation of the FUS-induced BBB disruption protocol
In preliminary experiments, the efficacy and tolerance of the FUSinduced BBB disruption protocol were validated using magnetic resonance imaging (MRI).
Two rats were injected with EB immediately after the FUS protocol and 2 other rats underwent the same EB injection after a sham ultrasound sonication. Right after the EB injection, MRI images were acquired for all 4 animals using a 7 T small animal MRI scanner (Bruker, Germany). averages, acquisition time = 10 min) acquisitions were performed to non-invasively ascertain the absence of both edema and hemorrhage, respectively [43] . One hour after FUS, animals were i.v. injected with 200 μL of a gadolinium chelate as a contrast agent (gadoterate, Dotarem® 0,5 mmol/mL, Guerbet, France). Animals were then MRI scanned again in order to i) visualize and localize the hemispheric BBB disruption, ii) Sonication was targeted along a line in the head-foot direction located inside the left hemisphere. Evan's Blue is injected immediately after FUS in order to evidence BBB disruption and an MRI contrast agent is injected one hour after FUS and its leakage into the parenchyma is imaged for 40 min with T 1 weighted images. T 2 and T 2 * images do not show any tissue damage following ultrasound.
assess whether BBB was still disrupted 60 min after FUS and iii) validate EB as a BBB integrity marker that could be further used in the PET study. A T 1 -weighted sequence (Multi Slice Multi Echo, TE/TR = 8.25/ 300 ms, spatial resolution = 0.125 × 0.125 × 1 mm 3 , matrix size = 256x256x10, 10 averages, acquisition time = 6.5 min) was used to detect the signal enhancement due to gadolinium chelate delivered into brain tissues. Signal enhancement due to BBB leakage was quantified by calculating the left/right ratio of the signals in brain hemispheres.
Once the FUS protocol was validated based on MRI and EB extravasation test, we proceeded with the PET study during which no further MRI was performed except for the FUS + 48 h group of rats, as detailed below.
Imaging the impact of FUS-induced BBB disruption using PET
11 C-erlotinib PET study
Twenty rats were randomly split into four groups of five individuals. Animals of the "baseline" group were used as reference to determine the brain kinetics of erlotinib in case of intact physical and functional BBB. Animals of the "ELA" group received the ABCB1/ABCG2 inhibition protocol using i.v. elacridar. Animals of the "FUS" group underwent the FUS-induced BBB disruption in the left hemisphere. Animals of the "FUS + ELA" group had both the hemispheric FUS-induced BBB disruption and the ABCB1/ABCG2 inhibition protocol (Fig. 2 ).
11 C-erlotinib PET imaging was performed after FUS, in the timewindow during which BBB disruption has been assessed (60 min, Fig. 1 ). For technical reasons and to limit radiation exposure to operators, 11 C-erlotinib was injected as soon as possible after FUS. After FUS, all animals received EB injection as a BBB integrity marker followed by elacridar (in the ELA and FUS + ELA groups only). Animals were then transferred and installed under anesthesia from the stereotactic head-holder to the PET scanner. Due to the rapid decay of carbon-11 radioactivity (half-life = 20.4 min), the syringe containing 11 C-erlotinib was extemporaneously prepared. A transmission scan was performed for attenuation correction, followed by i.v injection of 11 C-erlotinib. The time between the end of FUS and 11 C-erlotinib injection was standardized to 10 min for all groups to let enough time for operators to comfortably and reproducibly handle the procedure (Fig. 2) . All groups received an equivalent dose of 11 C-erlotinib (Table 1) . PET dynamic acquisitions started immediately after 11 C-erlotinib injection.
BBB integrity was assessed at the end of the PET acquisition using the EB extravasation test (Fig.1) .
Impact of elacridar on 11 C-erlotinib plasma kinetics
Additional rats were used to assess the impact of elacridar on the arterial input function of 11 C-erlotinib. Two control animals and two elacridar-treated animals were injected with 11 C-erlotinib. Arterial plasma sampling, sample preparation and analytical methods used for the determination of parent 11 C-erlotinib in plasma were performed as previously described [44] . Time activity curves (TACs) of unmetabolized parent 11 C-erlotinib in plasma were expressed as the percentage of injected dose per volume (%ID.mL −3 ) versus time. 11 C-erlotinib plasma exposure was estimated in all tested conditions by calculating the area under the plasma TAC (AUC) from 0 to 60 min. AUC expressed in %ID.mL −3 .min is therefore inversely correlated to 11 C-erlotinib plasma clearance (Cl = Dose/AUC).
Delayed impact of FUS on the brain kinetics of 11 C-erlotinib
Four rats have been used to investigate a putative delayed impact of FUS on BBB integrity and the brain kinetics of 11 C-erlotinib (FUS + 48 h group). First, animals underwent the FUS-induced BBB disruption protocol followed by gadoterate-enhanced T 1 -weighted MRI (but not EB) to check BBB disruption, 60 min after FUS. Forty-eight hours after FUS, anesthesia was re-induced and animals were i.v injected by EB prior to 11 C-erlotinib PET imaging (30 min scan). The EB extravasion test was performed at the end of PET acquisition to check BBB integrity 48 h after FUS.
2.10.
C-N-desmethyl-loperamide PET study
The impact of BBB disruption on ABCB1 function at the BBB was addressed using our FUS protocol and 11 C-N-desmethyl-loperamide as an ABCB1-specific PET probe [45] . Three animals underwent FUS followed by EB injection. Ten minutes after FUS, 11 C-N-desmethyl-loperamide was i.v injected (39.7 ± 3.3 MBq) followed by 30 min PET acquisition. EB extravasion was assessed at the end of PET acquisition. Tariquidar (8 mg/kg i.v) was used as positive control for ABCB1 inhibition in two additional animals, as previously described [35] .
PET acquisition and data analysis
Brain PET dynamic scans (30 or 60 min) were performed under isoflurane anesthesia using an Inveon ® microPET system (Siemens, Germany). Images were reconstructed with the FORE+OSEM2D algorithm including normalization, attenuation, scatter and random corrections. The spatial resolution of the PET scanner is 1.5 mm (FWHM) induced BBB disruption, ABCB1/ABCG2 inhibition (ELA) or during both the FUS-induced BBB disruption and ABCB1/ABCG2 inhibition (FUS + ELA).
[46]. Image analysis was performed using PMOD ® software (version 3.8, PMOD Technologies Ltd., Switzerland). Summed PET images from 0 to 30 min were co-registered to a T 2 -weighted MR template built in PMOD software where a volume of interest (VOI) in the expected sonicated area of the left hemisphere has been drawn according to the MRI images obtained during preliminary experiments. The left hemisphere region was mirrored to the right hemisphere to obtain a reference VOI with intact BBB. Corresponding TACs in each VOI were generated with time frame duration of 0.25 min; 0.5 min × 2; 0.75 min; 1 min × 4; 1.5 min; 2 min × 4; 2.5 min; 3 min × 3; 3.5 min; 4 min × 2; 4.5 min and 5 min × 4. TACs were generated in these regions to describe the local kinetics of 11 C-erlotinib, expressed as the percentage of injected dose per volume (%ID.mL −3 ) versus time. T max was defined as the time at which the maximum of the TAC curve (C max ) occurred and was used to characterize the TACs. The effect of elacridar was shown to be rapidly reversible [32] . Therefore, erlotinib exposure to each VOI was estimated as the area under the TAC (AUC) of radioactivity from 5 to 30 min in the region with disrupted (AUC left ) and intact (AUC right ) BBB.
Statistical analysis
All data are reported as Mean ± 1 standard deviation (SD). PET data were compared using a two-way ANOVA with "treatment" and "hemisphere" as factors unless otherwise specified. Statistical significance was set to p < .05.
Results
FUS induced a prolonged and spatially controlled BBB disruption
T 2 -weighted and T 2 ⁎ -weighted images suggested the absence of FUSinduced tissue damages, such as edema or hemorrhages [43] .
Subsequent T 1 -weighted MR images showed that the BBB was still permeable to gadoterate, at least an hour after FUS. Images highlighted a large stripe from the front of the brain to the cerebellum on a width of 2 mm that matches the width of the ultrasound focal spot (Fig. 1) . The left-to-right hemisphere signal ratio was 2.3 and 1.7 for the two rats (Fig. 1) . The volume of interest (VOI) corresponding to the disrupted BBB covered 41 to 44% of the volume of the left hemisphere. No signal enhancement could be observed in the mirrored VOI drawn in the right hemisphere, thus confirming BBB integrity. Ex vivo observation of EB extravasation performed 100 min after FUS was consistent in shape and volume to those observed on gadolinium enhanced MR images. No gadolinium-induced enhancement of T 1 -weighted MR images nor EB extravasation was observed in rats that underwent sham sonication. 11 C-erlotinib and 11 
FUS-induced BBB disruption did not increase the brain exposure to
C-N-desmethyl-loperamide
In baseline condition, the brain distribution of 11 C-erlotinib was low and consistent with previous 11 C-erlotinib TACs in the brain of mice [31] , nonhuman primates [32] and humans [47] (Fig. 3) . ABCB1/ ABCG2 inhibition using ELA resulted in a significant~2-fold increase in the brain maximal concentration compared with baseline in both hemispheres (p < .05; Fig. 4 , Table 1 ). C max was achieved at T max = 0.75 ± 0.0 min and 1.15 ± 0.22 min after the start of 11 C-erlotinib injection in the baseline and the ELA group, respectively (Table 1) . Twenty minutes post injection, the brain concentration of 11 C-erlotinib was still significantly higher in animals who received elacridar. This difference was no longer significant after 30 min scanning, thus showing the reversibility of the ABCB1/ABCG2 inhibition effect of elacridar [32] (Fig. 4) . The brain exposure to erlotinib was therefore calculated from 5 to 30 min and was significantly higher in the ELA group (AUC left = 2.18 ± 0.49%ID.cm .min; p < .001) 
intact blood-brain barrier (BBB), during focused ultrasound (FUS) induced BBB disruption, ABCB1/ABCG2 inhibition (ELA), both the FUS-induced BBB disruption and ABCB1/ABCG2 inhibition (FUS + ELA), and 48 h after FUS (FUS + 48 h). Images were corrected for injected doses and expressed as % of injected dose per volume (%ID.cm −3
). (Fig. 5) . Neither C max nor T max were significantly different between the left and right brain hemispheres of animals of the four groups (Fig. 4,  Table 1 , p > .05).
The concentrations of 11 C-erlotinib in plasma decreased rapidly to reach a plateau 5 min after injection (Fig. 4) . AUC plasma was not increased in elacridar-treated animals (6.1 and 4.5%ID.cm .min) compared with controls (4.0 and 7.7%ID.cm −3 .min).
Hemispheric BBB disruption performed in the FUS group did not measurably impact the brain C max nor T max compared with baseline (Fig. 4, Table 1 , p > .05). The brain kinetics of 11 C-erlotinib in the FUS + ELA group were similar to those obtained in the ELA group (Fig. 4) . Erlotinib exposure to the left hemisphere in the FUS + ELA group was significantly higher than baseline (p < .001) and FUS (p < .001) but was not different from that measured in the ELA group (p > .05).
Animals scanned 48 h after FUS showed similar brain kinetics to baseline and FUS rats. Consistently, AUC left measured in animals of the FUS + 48 h group was not significantly different from baseline and FUS (p > .05) (Figs. 5 and 6 ). The brain distribution of the ABCB1-specific PET probe 11 C-N-desmethyl-loperamide was low and consistent with previously reported PET data in rats [48] . FUS did not increase the brain exposure to the left hemisphere compared with the right hemisphere (paired t-test, p > .05). ABCB1 inhibition using tariquidar substantially increased the brain uptake of 11 C-N-desmethyl-loperamide. In the right (intact) hemisphere, AUC right was 3.2 and 3.9-fold higher in tariquidar-treated animals compared with FUS animals (Fig. 7) .
In all tested conditions, AUC left was not significantly different from AUC right , thus showing the lack of difference in the brain exposure to 11 C-erlotinib or 11 C-N-desmethyl-loperamide between the left and the right hemisphere, regardless of the presence of FUS-induced BBB disruption or ABC-transporter inhibition (Fig. 5 , p > .05). After PET, animals were sacrificed and dissected to observe EB extravasation. EB extravasation was obvious in the left hemisphere of all animals of the FUS and FUS + ELA groups. EB extravasation highlighted a large hemispheric BBB disruption which contrasted with the absence of extravasation in the right hemisphere and in the tissue surrounding the FUS-covered volume. The mapping of EB distribution was consistent with the linear stripe shaped gadolinium contrast enhancement observed one hour after sonication in the preliminary MRI study (Fig. 1) . EB extravasation was not observed in any animals of the baseline, ELA and tariquidar groups, thus confirming physical integrity of the BBB in these conditions. EB extravasation was not observed in animals of the FUS + 48 h group either, suggesting recovery of BBB integrity 48 h after FUS (Table 1) .
Discussion
FUS-induced BBB disruption is currently developed as a muchneeded and non-invasive clinical mean for bypassing the BBB and improving drug delivery of therapeutic agents, including cytotoxic agents [1] and larger objects such as antibodies, liposomal formations or nanoparticles [18] . Compared with systemic pharmacological inhibition approaches, the FUS-induced BBB disruption allows for a brain specific and localized enhancement of drug delivery, with less peripheral toxicity [18, 49] . It was recently shown that repeated opening of the BBB using FUS, in combination with systemic microbubble injection, is safe and well tolerated in patients [23] . We therefore investigated FUS-induced BBB disruption as a mean to improve the brain exposure to erlotinib in vivo.
To that end, we used 11 C-erlotinib PET imaging in rats during FUSinduced BBB disruption and/or pharmacological inhibition of efflux transporters. FUS-induced BBB disruption did not improve the brain exposure to 11 C-erlotinib while ABCB1/ABCG2 inhibition did. A similar result was obtained using the ABCB1-specific PET probe 11 C-N- desmethyl-loperamide. Using this alternative PET probe, we showed that lack of effect of FUS on erlotinib brain kinetics may not restrict to dual ABCB1/ABCG2 substrates but may also concern ABCB1 substrate.
First, we used pharmacological inhibition protocols to assess the impact of ABC-transporter function on the brain kinetics of 11 C-erlotinib and 11 C-N-desmethyl-loperamide. Erlotinib is a substrate for both ABCB1 and ABCG2, the main efflux transporters expressed at the BBB [50] . Studies in transporter knockout mice showed that ABCB1 and ABCG2 work together in limiting brain distribution of most TKIs including erlotinib [11, 12] . Due to the functional cooperation between ABCB1 and ABCG2, brain delivery of dual ABCB1/ABCG2 substrates can be significantly enhanced only when the activity of both transporters is simultaneously inhibited thus adding an extra difficulty to overcome ABC-transporter mediated efflux at the BBB [11, 12] . We used a pharmacological inhibition strategy to show the impact of ABCB1/ABCG2 inhibition at the BBB on the brain kinetics of 11 Cerlotinib. Elacridar is a potent ABCB1/ABCG2 inhibitor and high dose elacridar was shown to improve the brain delivery of a large number of dual ABCB1/ABCG2 substrates including erlotinib and other TKIs in mice and nonhuman primates [2, 32] . Oral elacridar has been tested in humans but failed to achieve ABCB1/ABCG2 inhibition at the BBB due to insufficient plasma concentrations [51] . In our study, elacridar enhanced the brain exposure to 11 C-erlotinib with no or a negligible impact on the plasma clearance in the limited time of PET acquisition (60 min), as previously reported in other animal species and humans [31] [32] [33] . The increase in brain exposure was not therefore due to any peripheral impact of elacridar on the plasma kinetics 11 C-erlotinib.
Previous experiments performed in mice have shown the reversibility of ABCB1/ABCG2 inhibition using i.v bolus injected elacridar [32] . In our study, ABCB1/ABCG2 inhibition did not last > 30 min. This suggests that repeated doses or i.v infusion of high doses of elacridar, which tolerance is not known, would be necessary to enhance C-N-desmethyl-loperamide exposure to each hemisphere (AUC 5-30min ) is reported in Fig. 7D . Data are Mean ± S.D. the brain uptake of erlotinib and substantially engage the EGFR-kinase domain within CNS lesions in patients. In our study, a~2-fold increase in the brain concentrations and exposure (AUC) of 11 C-erlotinib was observed following i.v. injection of 10 mg/kg elacridar. Agarwal et al. [13] reported a 4-fold increase in the brain concentrations of erlotinib 30 min after jugular administration of 10 mg/kg elacridar in rats. This suggests that 11 C-erlotinib brain uptake was not maximal in our study involving peripheral i.v. administration of a same dose. 11 C-N-desmethyl-loperamide is not transported by ABCG2 and has been developed to non-invasively and specifically study ABCB1 function at the BBB using PET [30] . ABCB1-specific inhibition at BBB has been successfully achieved using i.v tariquidar which was shown to substantially increase the brain uptake of 11 C-N-desmethyl-loperamide in humans [52] . In rats, tariquidar increased the brain PET signal which confirmed the importance of ABCB1 in controlling the brain kinetics of 11 C-N-desmethyl-loperamide (Fig. 7) .
Once ABC-transporters are fully inhibited, exposure to 11 C-erlotinib and 11 C-N-desmethyl-loperamide is similar in the brain and other tissues that are not protected by efflux transporters [32, 53] . This demonstrates the ability of erlotinib and N-desmethyl-loperamide to freely cross the "physical" BBB, probably by passive diffusion. This property is required for PET radiotracer to yield maximal image contrast between the baseline condition and the situation where efflux transporter function is decreased, and specifically reveal the transporter-mediated efflux rather than the physical BBB [29, 30, 54] . We used FUS conditions with a given dose of microbubbles to induce BBB disruption for at least 1 h (Fig. 1) . Similar microbubble dosage have been safely used in humans [55] although lower doses (4.8-8.7 mL) were sufficient for FUS-induced BBB disruption in patients [23] . Ex vivo experiments have reported that similar FUS conditions did not induce edema and hemorrhage in the sonicated brain area [56] . Much more drastic FUS conditions than ours were shown necessary to induce a mild hyperthermia in tissues [57] . In the present study, the local tolerance of our FUS protocol was assessed using T 2 and T 2 ⁎ -weighted MRI (Fig. 1) . The molecular weight of gadoterate is higher than erlotinib and N-desmethyl-loperamide and lower than EB (MW = 960.8 g/mol) (Fig. 1) . Gadoterate was injected 60 min after FUS, which confirmed that BBB was still permeable to this large BBB integrity marker, at least an hour after FUS. The first 30 min PET data were sufficient to unveil the impact of ABC-transporter function on the brain exposure to 11 C-erlotinib and 11 C-N-desmethyl-loperamide. The FUS protocol thus offered a convenient time-window to assess the impact of BBB disruption on the brain exposure to these PET ligands that were injected only 10 min after FUS. Moreover, the EB extravation was assesed in each animal to check BBB integrity after PET acquisition, thus ensuring the efficacy of the FUS protocol for each experiment. The region with BBB disruption was larger in width, depth and length than the spatial resolution of the microPET scanner used in this study [46] . Changes in the brain kinetics of such a large region which covered 40% of the volume of the hemisphere should be detected in our PET conditions.
Fundamental physico-chemical features of compounds are related to their ability to penetrate the BBB and exhibit CNS activity. The molecular weight and lipophilicity are factors relevant to substantial BBB permeation [58] So far, criteria of selection of therapeutic compounds and objects to be delivered through FUS-induced BBB disruption are mainly based on their size and molecular weight, thus only taking their interaction with the "physical" barrier component into account [40, 59] . Compared with gadoteric acid (MW = 558.6 g/mol, LogP = −2.8 [60] ), erlotinib (MW = 393.4 g/mol, LogP = 3.1 [61] ) and N-desmethyl-loperamide (MW = 463.0 g/mol, LogP = 4.1 [62] ) benefit from suitable physico-chemical properties to cross biological membranes. Preclinical experiments have shown the relevance of FUS-induced BBB disruption to improve the delivery of anticancer drugs such as doxorubicine [63] , methotrexate [64] , cytarabine [65] , carboplatine [66] , temozolomide or irinotecan [67] . Interestingly, many chemotherapeutic agents are in vitro substrates of ABCB1 and/or ABCG2 [68] . Doxorubicin (MW = 543 g/mol, LogP = 1.3 [69] ) is an ABCB1 substrate with low brain uptake. FUS-induced BBB disruption was shown to enhance the brain delivery of doxorubicin (non-liposomal formulation) up 10-fold in rats [63] and 50-fold in mice [70] while Pgp-deficiency induced a minor 1.5-fold increase in its brain uptake in mice [71] . This suggests that the brain uptake of doxorubicin is predominantly controlled by the "physical" BBB rather than the "functional" BBB. FUS may thus be an efficient strategy to enhance the brain delivery of ABC-transporter substrates for which the rate limiting step is the "physical" BBB. Our results suggest that compounds with high passive diffusion potential, and for which BBB permeation is predominantly governed by the functional efflux component of the BBB, may not benefit from FUS. In other words, we suggest that the carriermediated efflux, with respect to the passive diffusion potential, has to be considered as a new criterion for the selection of drug candidates to be delivered through FUS-aided BBB disruption. We show that the paracellular route is not a way for erlotinib to escape from the efflux transport that persisted despite physical disruption of the BBB. This suggests that ABC-transporter activity at the BBB does not necessarily depend on the integrity of endothelial celllayer. The peak concentrations and the elimination kinetics of 11 C-erlotinib from the brain were not different between the baseline and the FUS groups (Fig. 4 , Table 1 ). This shows that 11 C-erlotinib did not first enter the brain with the help of FUS to be then effluxed back to the plasma compartment. The lipophilic interaction of compounds with the plasma membrane was shown to be a key determinant of the carriermediated efflux of ABC-transporter substrates in cancer cells [24] . From a mechanistic point of view, erlotinib may thus show sufficient affinity for the plasma membranes of endothelial cells at the blood-brain interface to undergo active efflux, despite disrupted tight junctions between adjacent cells. Another originality of our study was the combination of FUS with pharmacological inhibition of efflux transporters (FUS + ELA). We observed that tested elacridar dose similarly increased the brain delivery of erlotinib regardless of BBB integrity (ELA/ baseline = ELA + FUS/FUS). This ensured that the presence of EB in the brain parenchyma following BBB disruption, did not impede 11 Cerlotinib binding to the brain. Moreover, we showed that FUS did not further enhance the brain exposure to erlotinib in the situation of partial ABCB1/ABCG2 inhibition (FUS + ELA = ELA). The absence of additional or synergistic effect between ABCB1/ABCG2 inhibition and BBB disruption confirms that ABC-transporter function is the rate-limiting factor for erlotinib brain delivery, thus cross-validating the predominance of the "functional" component barrier rather than the "physical" component in controlling the brain penetration of this compound.
Elacridar-induced ABCB1/ABCG2 inhibition is very transient and elacridar was administered shortly before PET to get maximal effect [32, 72] . It may be hypothesized that different time-points for elacridar injection, before or immediately after FUS, may enhance the ABCB1/ ABCG2 inhibitor property of this compound. Elacridar itself (MW = 563.6 g/mol, LogP = 5.6) [73] is a lipophilic ABCB1/ABCG2 substrate which brain permeation is mainly governed by ABCB1/ ABCG2-mediated efflux at the BBB [72] . According to our results, elacridar may therefore not benefit from FUS to reach the brain parenchyma. Moreover, high concentration of elacridar in the brain vasculature facing ABC-transporters is expected to account for elacridar inhibition potency, rather than substantial exposure to the brain parenchyma [34] .
The present study focused on the immediate consequences of a "physical" stress, allowing for a time-and space-controlled BBB disruption, on its "functional" properties, characterized by its effluxtransport ability. Interestingly, several studies suggested that FUS may not restrict to the "physical" disruption, but might also impact BBB physiology [26] . Using similar conditions to ours, Cho and colleagues reported a decrease in ABCB1 expression at the BBB of the sonicated area, 24 h after FUS [28] . Aryal et al., confirmed this observation and showed that the effect was maximum 48 h post FUS (~50% decrease) [27] . These studies suggest a connection between the regulation of the "physical" and the "functional" components of the BBB in vivo. In our study, the brain exposure to 11 C-erlotinib measured 48 h after FUS did not differ from the Baseline and the FUS group. However, it has been demonstrated that a 50% decrease in ABCB1 expression at the BBB may not be sufficient to enhance the brain uptake of avid ABCB1 substrates [54] . A dramatic decrease in efflux transporter expression, approaching complete depletion or inhibition may thus be necessary to enhance the brain delivery of erlotinib in vivo [33] . Moreover, ABCG2 may functionally compensate for any decline in ABCB1 as shown in ABCB1-deficient mice [11, 31] . The putative long-term impact of FUS on the kinetics of ABCB1 and ABCG2 expression at the BBB remains to be assessed to conclude on the relevance of acute or repeated FUS as a strategy to enhance the brain delivery of their respective or shared substrates.
A limitation of our study is that our experiments have been performed in healthy rats and not in an animal model of brain tumor. Changes in the structure of the BBB and ABC-transporter expression in the presence of brain tumors or metastasis have been reported and are often assumed to impact the local drug disposition [74, 75] . In the case of CNS brain lesions, the BBB disruption can be detected through MRI, using gadolinium as a contrast medium that does not cross the intact BBB, as shown in the present study. Rhodamine-123 (MW = 380,8 g/ mol, LogP = 1.0 [76] ) is a fluorescent ABCB1 substrate dye. Using in situ brain perfusion, it was shown that diffusion of rhodamine-123 across the BBB was increased up to 20-fold by ABCB1 inhibition in rats [77] . This showed the ability of Rhodamine-123 to cross the physical BBB and a predominant impact of ABCB1 in restricting the BBB permeation of this compound [76] . An intact efflux function of rhodamine-123 at the blood-tumor barrier was reported in a preclinical model of brain metastases despite obvious physical BBB disruption [78] . These data are consistent with our results obtained at the healthy BBB. It may therefore be hypothesized that tumor-induced BBB disruption, similar to FUS-induced BBB disruption, may have a negligible impact on the local exposure to compounds with high passive diffusion potential, whose BBB permeation is predominantly limited by ABC-mediated efflux at the BBB. This observation remains to be demonstrated in vivo for drugs such as erlotinib.
11 C-erlotinib PET imaging may offer the opportunity to non-invasively address the impact of tumor-induced BBB disruption on the brain and tumor exposure to this compound in animal models of brain tumors and patients [29] . In our study, investigated compounds were administered as free drugs, i.e. with no carrier. FUS was shown to be a relevant strategy to selectively deliver encapsulated drugs to the brain parenchyma [79] . Moreover, nanocarrier systems have been developed to overcome the ABC-mediated efflux at the BBB and improve the brain exposure to drugs [80] . This suggests that nanocarriers combined with ultrasound may be useful to bypass both the physical and the functional BBB, thus enabling the delivery of avid ABC-transporter substrates such as erlotinib to the brain, while overcoming efflux transporter-mediated multidrug resistance at the cancer-cell level [81] . However, ABC-transporter mediated efflux clearance from the brain parenchyma to the plasma compartment has been reported in different animal species [35, 82, 83] . It will be important to assess the impact of active efflux at the BBB and the blood-tumor barrier on tissue kinetics and therapeutic efficacy of ABC-transporter substrates delivered through the combination of ultrasound and complex drug delivery systems.
Conclusion
The brain distribution of drugs does not solely depend on the "physical" integrity of the BBB and is difficult to predict when interaction with efflux transporters of the BBB is suspected. Using PET imaging in healthy rats, we showed that FUS-induced BBB disruption did not increase the brain uptake of 11 C-erlotinib and 11 C-N-desmethylloperamide, two compounds for which BBB permeation is restricted by ABC-mediated efflux rather than poor ability to cross the physical BBB.
A wider range of compounds with different physicochemical properties and different extent of ABC-mediated transport could be tested to define the features of compounds for which brain distribution is enhanced by physical BBB disruption. Higher throughput in vitro models of the BBB and the blood-tumor barrier, with controlled membrane integrity and ABC-transport function, may help clarify the respective role of the physical and biological mechanisms involved.
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